Laguna Mar Chiquita (central Argentina; ~latitude 31°S, longitude 63°W) provides an outstanding opportunity to examine organic facies development and petroleum source-rock potential in a modern thick-skinned foreland basin lake. In this case study, we defi ne profundal, paleodelta, and lake-margin depositional environments based on trends in bathymetry and lake-fl oor sediment particle size. Sedimentary geochemical analyses indicate that organic carbon-rich muds accumulate in profundal environments during the extant lake-level highstand. The lateral variability of organic facies is minimal. The quality of organic facies is controlled by lake level and depositional environment, both of which dictate patterns of algal productivity, siliciclastic dilution, and early diagenesis. We present conceptual models of lacustrine source rocks in both thick-skinned and thin-skinned foreland basins based on modern analog data from both Laguna Mar Chiquita and other lakes in the central Andean foreland. Over relatively short time intervals (10 2 -10 4 yr), climatically driven water-level fl uctuations infl uence the source-rock potential of these basins. Over time intervals >10 5 yr, contraction and lateral migration of the basin fl exural profi le control stratal stacking patterns and the potential for hydrocarbon play development.
INTRODUCTION
Ancient lake systems associated with thick-skinned foreland basins (e.g., broken foreland basins of Jordan, 1995;  Laramide sedimentary basins of Lawton, 2008) developed some of the most economically important sedimentary deposits in North America. This is particularly true of the Eocene Green River Formation of the western United States (e.g., Eugster and Hardie, 1975; Roehler, 1993; Smith et al., 2008) . Dubiel (2003) , for example, noted the importance of Green River Formation source rocks to both conventional oil (e.g., the Altamont-Bluebell fi eld reservoirs) and unconventional tar sands prospects in the Uinta Basin of Utah. Recent assessments of in-place oil shale for the Green River Formation of the Greater Green River, Uinta, and Piceance Basins indicate a vast resource base of ~4.3 × 10 12 barrels of oil in place (Johnson et al., 2011) . The thick, cyclic strata of the Wilkins Peak Member, a saline-lake phase in the Green River Formation, exclusively accounts for >700 × 10 9 barrels of oil in the Greater Green River Basin (Johnson et al., 2011) . In addition, lacustrine coal beds with the potential for unconventional methane accumulations are present throughout the Greater Green River and Uinta Basins (Roberts, 2005) . Saline-lacustrine deposits from the Green River Formation have also been exploited for sodium carbonates (e.g., nahcolite and trona) that have numerous commercial uses, including soda ash production, air and water pollution control, animal feed, detergents, cement production, glass manufacturing, and a host of medical applications (Dyni, 1996; Santini et al., 2006; Brownfi eld et al., 2010) . More generally, the source of many base-metal and oil resources in China, Australia, and North America are thought to have been salinelake environments (e.g., Smoot and Lowenstein, 1991) .
South America provides a rich natural laboratory for the study of modern foreland basin saline lakes and their muds (Cohen et al., 2014) . The central Andean retroarc foreland basin (Horton and DeCelles, 1997 ) is a classic, four-part, thin-skinned system composed of wedgetop, foredeep, forebulge, and backbulge depozones (DeCelles and Giles, 1996) , as well as vast regions of sediment accumulation in the high-altitude hinterland (Horton, 2011) . Saline and brackish lakes are common in hinterland basins and in areas of the back-bulge (e.g., Wirrmann and Mourguiart, 1995; Valero-Garcés et al., 2000; Furquim et al., 2008; McGlue et al., 2012) . In the southern Andean foreland, Laramide-style deformation in the Miocene and Pliocene (Jordan and Allmendinger, 1986; Kay and Abbruzzi, 1996) led to the development of thick-skinned foreland basins adjacent to or between basement-cored uplifts. A number of large saline lakes or playas occupy these basins today, including Salina de Ambargasta, Salinas Grandes, and Laguna Mar Chiquita (e.g., Dargám, 1994; Piovano et al., 2002; Zanor et al., 2012) .
In this case study we report on the lake-fl oor sediments of Laguna Mar Chiquita (LMC; also referred to by some as Mar de Ansenuza), one of the best modern analogs available for ancient saline lakes in a thick-skinned foreland basin setting. Most of the geological research on LMC to date has focused on basin-scale geomorphology, hydrogeology, and paleoclimate (e.g., Piovano et al., 2004; Mon and Gutiérrez, 2009; Troin et al., 2010) . Comprehensive sedimentological and geochemical data sets from LMC are scarce, and the research presented herein attempts to build upon initial work published earlier (Martínez, 1995) . Kröh-ling and Iriondo (1999) developed a useful Quaternary geological map of the LMC region through analysis of onshore landforms and stratigraphy; however, geological details from the offshore remain limited. Our work aims to provide the fi rst basinwide characterization of detrital particle size and organic matter geochemistry for the modern muds of LMC. Huc et al. (1990) noted the importance of lateral variations in sediment fabric and organic richness to lacustrine petroleum source rocks. We investigated the relationships among depositional environments and organic facies in LMC, with a goal of improving hydrocarbon exploration models in continental foreland settings.
TECTONIC SETTING
Laguna Mar Chiquita shares a broadly similar tectonic heritage to some of the large lakes associated with Laramide deformation in the western United States (e.g., the Eocene Green River Formation; Eugster and Hardie, 1975; Surdam and Stanley, 1979; Jordan and Allmendinger, 1986) . The lake is located in the Pampean plains of central Argentina (~latitude 31°S, longitude 63°W; Fig. 1A ). Laguna Mar Chiquita occupies a topographically closed basin in the eastern Sierras Pampeanas, an area well known in the southern Andes for its fl at-slab subduction (Jordan and Allmendinger, 1986; Cahill and Isacks, 1992; Ramos et al., 2002; Gans et al., 2011) . To the west of the lake, the basement-cored Sierras de Córdoba formed from westward-verging thrust faults (Fig. 1B) . To the east, a buried westward-verging thrust fault, the Tostado-Selva fault, forms a broad topographic swell known as the San Guillermo High (Fig. 1B) . This feature is believed to have impounded the southward-fl owing Río Dulce and eastwardfl owing Ríos Primero and Segundo, thus helping to form LMC. Mon and Gutiérrez (2009) speculated that hydrologic capture and lake formation occurred in the middle Pleistocene, but there are no absolute geochronology data, and age constraints are limited to regional correlations. Pelletier (2007) suggested that LMC is within the wedgetop depozone of this broken foreland, as the western lake margin is <150 km from the thrust front. Dávila et al. (2010) suggested that the lake occupies a position in the distal foredeep of a thick-skinned foreland, produced by the interplay of loading by the Sierras de Córdoba in the Miocene and loading induced by a dynamic fl at slab. Río Dulce (Martínez, 1995; Troin et al., 2010) . North of LMC, the Río Dulce incorporates tributaries from portions of Salina de Ambargasta, which can act as an open-hydrologic system under certain climatic conditions (Zanor et al., 2012; Fig. 1A) . The Sierras de Córdoba forms the headwater region for the Ríos Primero and Segundo, two key rivers that enter LMC from the south (Fig. 1A) ; these rivers are also known as the Ríos Susquía and Xanaes, respectively. Another river channel, the Río Segundo Viejo, interacts with the southern shoreline, but discharge to the lake is limited due to anthropogenic engineering (Kröhling and Iriondo, 1999; Fig. 1A) . Although the extent of its contribution is still unknown, groundwater is believed to play an important role in maintaining the water balance of LMC (Reati et al., 1996; Troin et al., 2010) .
The terminal Río Dulce wetlands, which currently form the northern end of the lake, developed as a result of a dramatic transgression in the 1970s. As a consequence, the surface area of LMC today is much larger than in the recent past. The lake surface elevation is at ~70 m above sea level (a.s.l.) and is juxtaposed with the San Guillermo High, which is adjacent to the lake's eastern margin at 100 m a.s.l. Reati et al. (1996) reported a maximum water depth (Z max ) of 8.6 m and an average depth (Z ave ) of 3.7 m, whereas Piovano et al. (2002) reported a Z max of 10 m. The Z max we encountered in the fi eld was 7.0 m (Z ave = 5.9 m; Fig. 1C ). Based on the bathymetric map of Reati et al. (1996) , it is highly likely that our survey covered the deepest part of the basin, which implies that annual-decadal bathymetric variations of as much as ~3 m may characterize LMC, perhaps in response to prevailing conditions of effective precipitation and river discharge. Multiple measurements of pH taken from the southern lake shoreline during our 2008 survey averaged 8.2. Surface-water chemical assessments conducted by Martínez (1995) indicated a Na 2+ -Cl --SO 4 2-brine type and no evidence of thermal stratifi cation. Thus, the lake is believed to be polymictic. Reati et al. (1996) indicated that persistent winds affect LMC and fair-weather waves as high as 0.4 m were common offshore, potentially preventing water-column stratifi cation. Prior to the 1970s transgression, values of salinity for LMC ranged between 251 and 360 g/L (Martínez, 1995; Reati et al., 1996) . Salinity values refl ecting the highstand lakelevel condition ranged from 29 to 35 g/L (Martínez et al., 1994) . Vegetation associated with the lake is not well described in the literature, but both Reati et al. (1996) and Varandas da Silva et al. (2008) documented various species of the macrophyte Ruppia growing in sheltered lake-margin environments.
CLIMATE
Using the Köppen-Geiger climate system, LMC and its catchment are within the temperate Cwa and Cfa classes (Peel et al., 2007) . Summers are generally warm and wet, with average temperatures above 20 °C between November and March (Vörösmarty et al., 1998) ; winters are cool and dry with average temperatures of ~13 °C from April and October. The average annual temperature is 17-18 °C. Precipitation is strongly seasonal and station records from Córdoba (1963 Córdoba ( -1989 , where complete, show that mean annual rainfall is 814 mm (Vörösmarty et al., 1998) . Additional precipitation data from Santa Fe province (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) ; http://www.smn.gov.ar) indicate mean annual rainfall of ~942 mm/yr in the lowlands northeast of LMC. A number of studies indicate that strong variability in total rainfall has characterized the historic period, and the annual average rainfall prior to 1973 was ~653 mm (Genta et al., 1998; Piovano et al., 2004) . Surface area data for LMC refl ect this variability and range from 2000 km 2 to 6000 km 2 (Troin et al., 2010) . Values of potential evapotranspiration in the region vary, but in all cases exceed total annual precipitation, indicating a negative hydrologic balance (Reati et al., 1996) .
METHODS
Lake-fl oor sediment samples (n = 61) were collected from southern LMC in a grid pattern using a Ponar-style dredge. Our survey focused on southern LMC because this area has most likely been the main site of lacustrine deposition in the late Quaternary. The diffuse and shallow northern end of LMC is essentially a forest that drowned due to recent Río Dulce fl ooding. This region is extremely diffi cult to navigate safely and therefore we excluded it from the survey. The spacing between our sample sites was typically ≤5 km (Fig. 1C) . Water depth was measured at each site using a hand-held sonar device. For the purpose of classifi cation, all samples <10 km from the shoreline (water depths <6 m) were defi ned as nearshore. Samples classifi ed as offshore were typically found >10 km from the shoreline in deeper water. The upper ~1 cm of each grab sample was transferred into labeled storage jars in the fi eld and shipped to the United States for analysis.
Upon arrival in the lab, samples were homogenized and split. A representative subset of samples was analyzed by microscopic examination of 125 µm screen-washed residues and smear slides to obtain qualitative insights on sedimentary components. The mineralogy of a subset of samples (n = 25) was investigated by bulk powder X-ray diffraction (XRD) following the analytical protocol of Eberl (2003) . Clay mineralogy was verifi ed using the techniques outlined in Moore and Reynolds (1989) . All samples were evaluated for particle size and sedimentary geochemistry using standard techniques, with a special focus on organic matter (OM) geochemistry. Sample splits for particle size analysis, total inorganic carbon (TIC), biogenic silica (BiSi), and RockEval pyrolysis were prepared following the procedures discussed in McGlue et al. (2012) . Sample preparation and analysis for total nitrogen (TN) and bulk δ 15 N assays followed the procedures described in McGlue et al. (2011) . Nitrogen isotope values reported herein use the conventional delta notation relative to atmospheric nitrogen. The precision of the nitrogen isotope analysis was typically better than ~0.2‰. Total organic carbon (TOC) was calculated as the weight difference between total carbon and TIC, determined using a UIC Inc. total carbon coulometer at the University of Minnesota. Analytical precision associated with the technique was ~0.2%. Carbon isotopes were measured on OM at the U.S. Geological Survey using an Optima isotope ratio mass spectrometer coupled with an elemental analyzer. Carbon isotope values reported herein use the conventional delta notation relative to Vienna Peedee belemnite. The precision was ~0.07‰ based on repeated analysis of internal standards. In order to remove carbonates that could infl uence the δ 13 C OM results, samples were acidifi ed using 20% HCl for 24 h prior to analysis. Reported weight percent total organic nitrogen (TON) and C/N values refl ect only OM, as contributions from inorganic-bound N were estimated and corrected using the technique described by Talbot (2001) .
Contour maps of particle size and geochemistry were created using the radial basis gridding function of Surfer v. 8.05 (Golden Software Inc.; www.goldensoftware.com). We imposed a zero contour that was defi ned by the position of the southern lake shoreline and the sample grid. This exercise closes contours and improves the quality of the maps, but it also introduces error in the form of spuriously low values along the margins of the sample grid. Ternary diagrams and cross plots were developed using SigmaPlot v. 12 (Systat Software Inc.; www.sigmaplot.com).
RESULTS AND INTERPRETATIONS

Detrital Particle Size
Results
Using the nomenclature of Folk (1980) , the majority of LMC modern sediments, regardless of water depth, plot within the mud texture class (Table 1 ; Fig. 2A ). The ratio of silt to clay of mud-class samples varied from 0.6 to 1.8, and a histogram of silt:clay shows that clay sizes (<3.9 µm) predominate (Fig. 2B) . XRD analyses indicate that clay minerals in the majority of samples consist of abundant illite, with lesser amounts of calciumrich smectite and minor to trace amounts of kaolinite (Fig. 2C) . Coarse grain sizes are uncommon (<3.0%) in mud-class samples; however, terrigenous sand is abundant in samples trending offshore from the mouth of the Río Segundo Viejo (Figs. 3 and 4A) . The texture classes of these samples range from sand to sandy silt, and D 90 values (125-880 µm) indicate that maximum particle sizes are in the fi ne to coarse sand range (Wentworth, 1922 ; Fig. 2A ). X-ray diffraction indicates that the mineralogy of these sands consists of quartz, plagioclase, volcanic glass, and micas. Sandy and silty sediments were also encountered at nearshore (<6 m water depth; Fig. 4A ) sites along the western boundary of the sample grid.
Interpretations
Coupled with bathymetric data, we interpret the spatial distribution of sand, silt, and clay contours to signify the presence of two profundal environments of deposition (EOD) separated by a relatively narrow, north-south-oriented shoal (Figs. 3, 4A, 4B, and 4C). The main profundal EOD, on the western side of the sample grid, is large (~650 km 2 ) and characterized by relatively deep water, whereas the eastern profundal EOD is smaller and shallower (Fig. 3) . Clay concentration is highest (silt:clay < 0.7) in the west; we attribute this to sedimentation dominated by suspension-settling processes (Fig. 4C) . We interpret the shoal between the profundal EODs as a paleodelta deposit, and sand with gastropod shell hash associated with this environment covers at least 70 km 2 . We favor a deltaic interpretation because of the wedge shape exhibited by percent sand contours and the location near the mouth of the Río Segundo Viejo (Figs. 3 and 4A ). The Río Segundo Viejo no longer contains active channels, due to a canalization project that was completed in 1930 (Kröhling and Iriondo, 1999) . This suggests that the delta is a relict feature that is not actively aggrading or prograding. The bathymetric map of Reati et al. (1996) suggests that both subaerial and subaqueous deltaic features are likely to be encompassed by our percent sand and percent silt contours. Areas adjacent to the northern end of the shoal in both profundal EODs show elevated concentrations of detrital silt (Fig. 4B ). Given this particle size pattern, we cannot discount the possibility that this feature is a sand spit, generated by littoral drift. Anecdotal evidence suggests that a westward littoral current impacts the southern lake shore; however, the results of an experiment designed to confi rm the presence of the current were inconclusive (Reati et al., 1996) .
Sandy and silty sediments found along the western margin of LMC are likely associated with the dune fi eld described in Kröhling and Iriondo (1999) , according to whom defl ation of the Río Primero and Río Segundo fl oodplains during the Little Ice Age carpeted the western margin of LMC with fi ne eolian sands (Campo Maare Formation). Where exposed onshore, the dunes vary in height to as high as ~4 m (Kröhling and Iriondo, 1999) . Our sampling grid was too coarse to fully resolve the bathymetric expression of the submerged dune fi eld, and it is likely that these features would be heavily reworked by wave action. Nevertheless, the high silt concentration along the western edge of the sample grid ( Fig. 4B ) hint at the presence of these eolian deposits.
TIC and BiSi
Results
Values of TIC range from 0.13 to 1.74 wt%, with a mean of 0.97 wt% at nearshore sampling sites; offshore the range expands from 0.01 to 2.33 wt% and the mean increases to 1.33 wt% (see Table 2 ). Contours of TIC appear to show that concentration increases with distance from the southern lake shore, reaching maximum values in the western profundal EOD (Fig. 4D ). However, TIC > 1.0 wt% spans all EODs where water depths exceed 6 m. X-ray diffraction data indicate that calcite is the dominant carbonate mineralogy, which is consistent with the fi ndings of earlier studies (Martínez, 1995) .
Analyses of screen-washed samples identifi ed carbonate ostracode carapaces, foraminiferan tests, and gastropod shells. The gastropods consist of the high-spired Littoridina parchappei, which are abundant in samples from the paleodelta EOD. A single, minute gastropod (4-5 mm long; globose shell form) was also encountered, but taphonomic damage prevented identifi cation. The ostracodes consist of two species: Cyprideis salebrosa (very common) and an unidentifi ed and possibly new species of Limnocythere (rare). A single foraminifera species, Ammonia beccari (K. McDougallReid, 2012, personal commun.) , was also present.
Values of BiSi range from 0.0 to 6.0 wt%, with a mean of 4.1 wt% at nearshore sites. Farther offshore (water depth > 6 m), the concentration of BiSi is similar, with a range of 0.0-7.8 wt% and a mean of 4.1 wt%. The arrangement of BiSi contours broadly follows depositional environment and decreases with proximity to the shoreline (Fig. 4E) .
Interpretations
In addition to the authigenic carbonate deposition reported by Piovano et al. (2004) , our results document important contributions to LMC sedimentary TIC from benthic biogenic sources. Although only two species of ostracodes were found, depauperate assemblages of this kind are not unusual for saline lakes. Nonmarine occurrences of the foraminifera Ammonia beccari have been documented on several continents, and usually result from avian introduction or ephemeral incursions of seawater (e.g., Cann and De Deckker, 1981) . Laguna Mar Chiquita is a well-known rookery and seasonal habitat for shorebirds, which may explain the presence of this foraminifera (Nores, 2011 ). An alternative means of introduction is linked to human activities, such as from boats or through the development of the lake's pejerrey (Odontesthes bonariensis) sport fi shery.
The presence of diatoms on smear slides suggests that they are the dominant source of BiSi. While limited information is Illite is the most abundant clay mineral in LMC, which could be signifi cant for unconventional gas storage. (D) Semi-log cross-plot of water depth (m) versus mean particle size (µm). Note the tight cluster of fi ne-grained samples in the offshore environment, whereas nearshore samples exhibit greater variability and generally much coarser sizes.
available about the distribution of the diatom fl ora in the lake, the census compiled by Reati et al. (1996) suggests that the genera Navicula and Nitzschia are the most common and numerous.
Sedimentary Organic Matter
Results
Values of TOC range from 0.0 to 3.5 wt%, with a mean of 2.1 wt% at nearshore sampling sites (see Table 2 ). Farther offshore, the concentration of TOC is largely similar, with a range from 0.0 to 4.6 wt% and a mean of 2.9 wt%. The richest concentration of TOC occurs in the western profundal EOD, whereas the sediments of the paleodelta are TOC poor (Fig. 4F ). The range of TON values across the sample grid is from 0.0 to 0.90 wt%, with little difference between the sample value means of nearshore and offshore sites (0.36 versus 0.44 wt%). Contours of TON data (not shown) are broadly similar to TOC, and a cross-plot of wt% TOC versus TON exhibits relatively broad scatter (Fig. 5A) . C/N means are consistent throughout the lake (8.3 versus 8.5 at nearshore and offshore sites, respectively); C/N rarely exceeds 9, and the highest values occur in the eastern profundal EOD.
Surface sediments at LMC exhibit a mean δ Base map is a MrSid Geocover2000 satellite image product (available from http:// zulu.ssc.nasa.gov/mrsid/). Onshore and marginal environments and stratigraphy were described in Kröhling and Iriondo (1999) . Bathymetric and particle size data were used to defi ne profundal and paleodelta environments of deposition (EOD). Fm.-formation.
values in samples collected from water depths >6 m (Fig. 5B) . The range of nitrogen isotope values is from 0.03‰ to 8.3‰, with offshore samples exhibiting higher variability (Fig. 5C ).
Hydrogen index (HI) values range from 27 to 315 mg HC/g TOC at nearshore sampling sites, with a mean of 200 mg HC/g TOC (Fig. 6A) . In deeper water, HI values range from 40 to 399 mg HC/g TOC, with a mean of 220 mg HC/g TOC. For most samples, oxygen index (OI) values exceeded 200 mg CO 2 /g TOC. Most of these data plot within the Type II kerogen fi eld on a modifi ed Van Krevelen diagram, with a few Type III samples. Maximum temperature data verify that OM from LMC is immature (Fig. 6B) . Most LMC sediments show fair to good potential Authigenic calcite is common offshore, whereas ostracodes, gastropods, and foraminifera are found in nearshore samples. (E) Weight percent biogenic silica (BiSi) contour map. Diatoms appear to be the dominant source of biogenic silica in the lake (Reati et al., 1996) , and contours suggest high productivity in profundal EODs. (F) Weight percent total organic carbon (TOC) contour map. Amorphous and pelleted organic matter are common components of LMC sediments, and relatively high values are found in profundal EODs. TOC-total organic carbon; TIC-total inorganic carbon; BiSi-biogenic silica; TON-total organic nitrogen; C/N-ratio of carbon to nitrogen; HI-hydrogen index (mg HC/gm TOC); OI-oxygen index (mg CO2/gm TOC); Tmax-temperature of peak S2 (°C; values marked with asterisk may be unreliable due to a poorly resolved S2 peak): S1, S2 (free and generatable hydrocarbons, respectively, in mg HC/gm sediment). Note that TON and C/N values have been corrected for contributions from inorganic nitrogen. N.D.-no data.
as hydrocarbon source rocks, based on a cross-plot of total generation potential (S 1 + S 2 ; free and generatable hydrocarbons, respectively) versus TOC (Fig. 6C) .
Interpretations
A contrast exists between nearshore and offshore TOC concentration (Fig. 4F) , and the data make clear that OM richness is strongly linked with EOD during the current lake-level highstand at LMC. Figure 5D illustrates the link between TOC and mean detrital particle size. We interpret mean particle size to refl ect gross depositional processes and environmental energy, as larger mean particle sizes require more energetic conditions for transport and deposition. This cross-plot shows that sediments with a mean particle size <~50 µm (coarse silt) contain ≥2.0 wt% TOC for all water depths. In contrast, samples with a mean particle size >50 µm contain low TOC and were recovered in specifi c depositional settings, such as the paleodelta and western lake margin. We interpret that matrix dilution by coarse siliciclastic detritus had an important impact on OM richness in these environments. This interpretation is supported by the relationship Figure 5 . (A) Cross-plot of total organic carbon (TOC; wt%) versus mean terrigenous particle size (µm). All nearshore and offshore samples that are <50 µm exhibit petroleum source rock potential (TOC > 2.0 wt%). (B) Cross-plot of total organic carbon (TOC; wt%) versus total organic nitrogen (TON; wt%) (w.d.-water depth). Note that TON values have been corrected for contributions of inorganic nitrogen, and that these data are not available for all of the samples. Oxidation of organic matter (OM) in this low-accommodation lake basin may be responsible for the scatter in TON. (C) Cross-plot of carbon stable isotope (‰) versus ratio of carbon to nitrogen (C/N). Low C/N values indicate a predominantly algal source for OM. Piovano et al. (2002) reported that the effects of evaporation and 12 C-rich river water control the carbon isotopic composition of OM. The enriched δ 13 C OM values from our study are consistent with these fi ndings. (D) Cross-plot of nitrogen stable isotopes (‰) versus ratio of carbon to nitrogen. The δ 15 N data are consistent with values associated with nitrate and ammonium assimilation by algae, with a possible infl uence of agricultural runoff from the Laguna Mar Chiquita watershed.
on August 18, 2015 specialpapers.gsapubs.org Downloaded from between particle size and water depth (Fig. 2D ). Other processes may also limit the accumulation of OM along the paleodelta and western lake margin. For example, the shoal formed by deltaic sediments may lead to the development of contour currents and winnowing of fi ne-grained sediment during lake-level highstands (e.g., Johnson and Ng'ang'a, 1990) . These accumulations are likewise subject to subaerial exposure and erosion during lowstands (e.g., McGlue et al., 2006) . We interpret that wave action on the western LMC margin most likely limits the accumulation of fi ne-grained sediment to thin veneers on the submerged dune fi eld, leading to a low ratio of OM to siliciclastic sediment. Oxidation and reworking of OM is common in these types of highenergy environments, further limiting TOC concentration.
We attribute the relatively broad scatter pattern in wt% TOC versus TON (Fig. 5A ) to variable N preservation among LMC's depositional environments. C/N values are commonly used to place constraints on the provenance of OM (Meyers and Terranes, 2001 ). The relatively low C/N values observed in this study suggest that the origin of sedimentary OM is linked with aquatic algae, consistent with the fi ndings of Piovano et al. (2004) and Varandas da Silva et al. (2008) . Modern LMC sediments also contain inorganic N, which we interpret to be related to clay mineralogy (Talbot, 2001) . Ammonium released from soil OM during weathering is known to adsorb to illite interlayers, and this clay is abundant in LMC surface sediments (Fig. 2C) . It is plausible that higher soil weathering and erosion accompanying the lake-level rise that began in the 1970s may be responsible for this aspect of the modern sediment geochemistry.
Generally, the carbon isotope composition of lacustrine sedimentary OM is controlled by the dissolved inorganic carbon pool of the lake water and by organic fractionation. A detailed study of δ 13 C OM from short cores and modern plankton was presented in Piovano et al. (2004) . The mean basin-wide surface sediment δ 13 C OM from our study (-21.02‰ ) is very close to that of plankton reported in Piovano et al. (2004) (-20.9‰ and -20 .1‰ for winter and summer samples, respectively). Piovano et al. (2004) concluded that during lake-level highstands, the combined effects of evaporation, which enriches lake water in 13 C through kinetic effects, and infl owing 12 C-rich riverine water control the isotopic composition of OM. By contrast, when LMC is at lowstand, evaporation is at a maximum and lake waters are highly alkaline, carbonate accumulation rates rise, and aquatic organisms mostly likely utilize HCO 3 -as a carbon source for photosynthesis, leading to more positive δ 13 C OM (Piovano et al., 2004) . The nitrogen isotope composition of lacustrine sedimentary OM is principally a function of the isotopic composition and concentration of bioavailable nitrogen (Talbot, 2001) . In lakes, dissolved inorganic nitrogen typically takes the form of nitrate (dominant under oxidizing conditions) or ammonium (dominant under strong reducing conditions), and in rare instances dissolved N 2 can become important (Talbot, 2001 ). The range of δ 15 N (Fig.  5C ) at LMC is consistent with nitrate and ammonium assimilation by algae, which is not unusual for lakes in the subtropics that undergo seasonal mixing (e.g., Talbot and Johannessen, 1992) . Notably, much of the land cover around the lake has been modifi ed for agriculture. Nutrient loading associated with farming is known to have increased δ 15 N values in other large lakes (Talbot, 2001 and references therein), but prehistoric records of δ 15 N from LMC are not available.
Rock-Eval data suggest that with the exception of a few nearshore samples, most of LMC muds hold the potential for hydrocarbon generation (S 1 + S 2 > 2.5 mg HC/g sediment; after Katz, 1990) . However, these values are subject to the uncertainties associated with the Rock-Eval method (e.g., potentially poor separation between the S 1 and S 2 peaks) for immature sediments (Peters, 1986) . Given that modal C/N is <10, the low HI values are most consistent with a degraded algal source; this is not unusual for geologically young sediments from shallow polymictic lakes (e.g., McGlue et al., 2011) . Oxygen index values (Fig. 6A) highlight the effects of diagenesis that most likely capture the oxidation of OM settling through the upper water column. Reworking of OM by waves in nearshore environments most likely contributes to elevated OI values, and the highest values are encountered in the paleodelta EOD. Farther offshore, the lake fl oor escapes signifi cant reworking, as fi ne (millimeter scale) laminations were obvious in some of our samples, and limited oxygen most likely helps to preserve OM during early sedimentation. The hydrocarbon source potential implied by Rock-Eval data attest to productivity at LMC when lake levels are high, an inference supported by relatively high 210 Pb-derived organic accumulation rates for the past 35 yr (Piovano et al., 2002) . There are no Rock-Eval data for LMC during lake-level lowstands.
DISCUSSION
Lacustrine Source Rocks: The LMC Analog
Conclusive stratigraphic evidence of large underfi lled lakes exists for a number of thick-skinned forelands in the western United States, including the Green River, Uinta, Washakie, Sand Wash, and Piceance Creek Basins (Bradley and Eugster, 1969; Bohacs et al., 2000; Lawton, 2008) . Although Cretaceous marine shales are the most typical source rocks in many Laramide petroleum systems, in some instances the lowmaturity saline-lake strata of these basins have developed vast stores of oil (Dubiel, 2003; Johnson et al., 2011) . For example, Carroll and Bohacs (2001) noted that the sublittoral muds of the Eocene Wilkins Peak Member are characterized by Type I kerogen and high mean TOC values (~7.3 wt%), revealing excellent source-rock potential for these saline-lake sediments. We consider LMC to be a partial analog to the early Cenozoic saline-lake phases of these Laramide forelands, due to similarities in tectonic setting, semiarid climate, closed hydrology, and the impact of large-scale drainage evolution on sedimentation in these basins (e.g., Smith et al., 2008; Davis et al., 2009 ). The extensive spatial coverage of our sample grid makes comparisons between modern LMC and ancient analogs feasible, and allows hypotheses on organic facies developed from outcrop and well data to be tested.
The model for organic facies evolution in underfi lled lake basins developed by Carroll and Bohacs (2001) emphasized highstand deposition under hypersaline and often anoxic conditions, with minimal lateral variability in HI across depositional environments. Our results generally support this model, as the organic-rich muds that characterize profundal EODs began to accumulate following the 1970s transgression (Piovano et al., 2002) . Relatively narrow ranges of δ 13 C OM and HI likewise characterize LMC profundal muds (Figs. 5B and 6A) . The geochemistry of these muds suggests that elevated algal productivity infl uenced their development, which is consistent with C 27 (dominant), C 28 , and C 29 sterols reported by Varandas da Silva et al. (2008) . Productivity during highstands is likely also infl uenced by increased nutrient input associated with fl ooded lake margins and adjacent plains (e.g., Buchheim and Eugster, 1998) . In contrast, carbonate muds with low TOC and signifi cant contributions from C 4 vascular plants accumulated during low and intermediate lake levels from 1767 to 1975, apparently due to reduced productivity and algal diversity in a hypersaline water column (Piovano et al., 2004; Varandas da Silva et al., 2008) . Taken together, these data indicate that the quality and quantity of OM at LMC is strongly infl uenced by lake level, which is similar to other large tectonic lakes affected by climate-driven lakelevel fl uctuations on 10 2 -10 4 yr time scales (e.g., Huc et al., 1990; Katz, 1990 Katz, , 2001 .
Detrital particle size exhibits an inverse correlation with water depth at LMC, and muds with high TOC concentrations are typically characterized by <10 µm mean particle size (Figs.  2D and 5D ). Abundant clay and fi ne silt particles in the profundal EOD may also assist in constraining interstitial oxygen, promoting better preservation of OM (Gray, 1981; McGlue et al., 2012) . This pattern is consistent with the underfi lled lake-basin organic sedimentation model of Carroll and Bohacs (2001) . Bohacs et al. (2000) explained that siliciclastic dilution of organic-rich muds is uncommon in the depocenters of large underfi lled lakes, as lake expansion during highstands fl oods basin margins and restricts transport of coarse detritus. Therefore, dilution at LMC should be most notable in the paleodelta and lake margin EODs, a prediction that is validated by our percent sand and percent silt contour maps (Figs. 4A, 4B ).
Organic matter preservation is also critical to petroleum potential in underfi lled lake basins. In basins with signifi cant accommodation space, aggradational stacking of parasequences in restricted and often anoxic basin-center environments helps to preserve organic facies, even during lake-level lowstands; evidence suggests that this was the case for the Wilkins Peak Member (Bohacs et al., 2000; Carroll and Bohacs, 2001) . Insights from geodynamic models suggest that the total stratal thickness of the LMC basin is on the order of several hundred meters (Dávila et al., 2010; Fig. 1C) . Coupled with bathymetry data, this indicates relatively low accommodation space for LMC. Whereas stable water-column stratifi cation and persistent seasonal anoxia was likely in the underfi lled lakes of the Green River Formation, the LMC well-mixed water column and relatively shallow sublittoral maximum water depths are far less favorable for the development of organic facies. The bathymetry implies that oxidation of OM in the well-mixed water column is common at highstands (confi rmed by OI values; Fig. 6A ), as is subaerial exposure and erosion during lowstands. Although the lake is well mixed on an annual basis, sediments accumulating today do so under reducing conditions, which in concert with productivity levels may help explain deposition of muds with TOC > 2.0% (Fig. 4F) . This is apparently due to sulfate-reducing bacteria, which at times may have been responsible for dysoxic conditions at the lake bottom (Piovano et al., 2002 , and references therein).
Insights on Lacustrine Unconventional Resources
With the growing need for petroleum resources globally and advances in hydraulic fracturing, it is instructive to consider the potential of lacustrine mudrocks as unconventional gas reservoirs using the LMC analog. To date, most prolifi c shale-gas plays have had their origins in foreland basins and marine source rocks, such as the Barnett Shale (Fort Worth Basin, USA; Pollastro et al., 2007) . In general, the important mechanisms of natural gas storage in fi ne-grained reservoirs are: (1) OM richness, type, and maturity; (2) mineral composition; (3) porosity characteristics; and (4) moisture content (e.g., Ross and Bustin, 2009 ). The adsorption experiments of Zhang et al. (2012) revealed that the methane capacity of shales is enhanced by kerogen type (Type III > Type II > Type I) and increasing TOC concentration. Given these results, the profundal muds of LMC (mean offshore TOC = 2.9 wt%) appear to hold modest potential for gas storage. Furthermore, XRD results indicate that on average, the muds of LMC contain ~33% clay minerals, 10% calcite, 7% quartz, and 4.5% halite plus gypsum, with the balance made up of feldspars, altered volcanic glass, and amorphous material (OM and diatoms). Ross and Bustin (2007) showed that although quartz and carbonate have low gas-sorption capacities (due to low internal surface areas), the internal structure of illite has among the highest gas-sorption capacity of all the clays (to ~3 cm 3 /g at 30 °C and 7 MPa). Even though moisture content can reduce the effi cacy of gas sorption in clay (Zhang et al., 2012) , the abundance of illite in the clay-mineral fraction of LMC sediments is potentially favorable for unconventional gas storage. Higher risk is usually assigned to lacustrine shales for unconventional gas based on a priori assumptions regarding total clay content (Kuuskraa et al., 2011) . The presence of diatoms, quartz, and carbonate also contribute to the brittleness of LMC organic facies, which are known to be critical to successful stimulation and gas fl ow (e.g., Jarvie et al., 2007) . The coarser grained facies identifi ed in this study could also provide higher matrix porosity for unconventional gas plays, as fl uctuations in lake levels could generate stacked sequences of fi ne-grained OM-rich sediments interbedded with these coarser-grained reservoir rocks.
Thick-Skinned versus Thin-Skinned Lacustrine Foreland Petroleum Systems
Lakes form in forelands when climate conditions and rates of sediment supply favor the preservation of accommodation space (e.g., Carroll and Bohacs, 1999) . Sladen (1994) indicated that lakes form in compressional basins during intermediate stages of evolution, which nominally involved mountain belt growth and maximum fl exural subsidence. Similar to the model proposed for rift basins by Lambiase (1990) , thick packages of lacustrine sediment were expected to occur between early synorogenic and late postorogenic alluvial sequences, when foredeep subsidence outpaced sedimentation (Sladen, 1994) . Because of diachronous thrusting and lateral movement of the fl exural profi le, this model predicted migrating lake depocenters and offset vertical stacking of muds in these basins, similar to the fl uvial-lacustrine facies model discussed by Beck et al. (1988) . The majority of fl exural basins with prolifi c lacustrine hydrocarbon systems cited by Sladen (1994) occurred in thick-skinned foreland basins, similar to LMC. This is because large and stable lake systems rarely form in thin-skinned foreland basins, most likely because the rates of sediment infi lling are strongly infl uenced by effective precipitation, and outpace tectonic subsidence. The modern central Andean foreland provides a striking example of this overfi lled condition, as transverse fl uvial megafans constitute the main foredeep depositional environments and large lakes are absent (e.g., Horton and DeCelles, 1997; Latrubesse et al., 2012; Cohen et al., 2014) . In addition to climate, watershed geology exerts another important control on lake formation. Most thin-skinned thrust belts consist of highly erodable marine-siliciclastic lithologies, within which bedload-dominant distributary drainages commonly form (Horton and DeCelles, 2001) . Consequently, the strata of large lakes have usually been encountered where conditions were both arid and the watershed consisted of carbonate lithologies, conditions that favor rivers with low ratios of bedload to dissolved load (e.g., Lakes Peterson and Draney of the Sevier foreland; Zaleha, 2006) . Topographic closure and lake formation is much more likely in thick-skinned systems because of the dominance of crystalline basement rocks in their watersheds, which reduce rates of basin infi lling and help maintain a viable foredeep (e.g., Carroll et al., 2006) .
In many cases, hydrocarbons associated with retroarc thrust belts and thin-skinned forelands are produced by ductile preorogenic marine source rocks that also serve as detachment surfaces for individual thrust sheets (Nemčok et al., 2005) . As a result, the usual targets for many exploration wells in this tectonic setting are hanging-wall traps of the medial thrust belt (e.g., Dunn et al., 1995) . In early foreland exploration models, late-stage continental strata with gas-prone Type III OM were expected proximal to the thrust belt, but the spatiotemporal evolution of these deposits was diffi cult to predict. Conceptual models of thinskinned foreland basin stratigraphy have evolved signifi cantly over the past several decades (Dickinson, 1974; Beaumont, 1981; Heller et al., 1988; Flemings and Jordan, 1989; Jordan, 1995; DeCelles and Giles, 1996) . It is now generally accepted that these foreland basins may consist of several discrete depozones (e.g., wedgetop, foredeep, forebulge, and back bulge) that form under different kinematic and subsidence conditions (DeCelles, 2011) . The depozones may receive sediment from a variety of sources in addition to the adjacent fold-thrust belt, such as the craton or the forebulge (e.g., DeCelles, 2004) . Flexure derived from foldthrust belt growth is the dominant mechanism of subsidence, but additional loads, such as those associated with a viscous coupling (via a mantle wedge) between the subducting oceanic plate and the overriding continental plate, may be important for fully realized forebulge and back-bulge depozones, especially in retroarc systems (DeCelles and Giles, 1996) . An important aspect of foreland basin geodynamics is the lateral migration of the fl exural profi le with continued shortening, which serves to stack the strata of individual depozones in a predictable vertical succession (Fig. 7; DeCelles, 2011) . In the context of lacustrine hydrocarbon systems, it is in this concept where a load imparted by a viscous coupling (so-called dynamic subsidence) can become especially important, since large lakes are so rare in the foredeep depozone. Back-bulge preservation may be critical to the accumulation of organic-rich strata and source development. For example, the hydrocarbon-producing black shales of the Eocene Bhainskati Figure 7 . Model of lacustrine source rocks in the context of a thin-skinned foreland basin system. (A) Exaggerated cross section of a notional foreland basin system modifi ed after DeCelles and Giles (1996) and DeCelles et al. (1998) . Contraction in the orogen and migration of the fl exural basin toward the craton stacks wedgetop, foredeep, forebulge, and back-bulge depozones (DZ), as shown in B. Time increases moving downward. t1-time 1 (initial basin development and subsidence). t2-time 2 (migration of fl exural profi le ~200 km). t3-time 3 (migration of fl exural profi le ~400 km); S-subsidence. (B) Foreland basin stratigraphy and dS/dt (change in subsidence with time, t). Preservation of the back-bulge depozones may be key for lacustrine source development, which follows vertical juxtaposition of fi ne-grained, organic-rich lacustrine and wetland deposits with foredeep megafan sandstones.
Formation of Nepal and its equivalents in India and Pakistan formed in a restricted marine back-bulge basin associated with the Himalayan foreland (Rahman and Kinghorn, 1995; DeCelles et al., 1998; Singh et al., 2000) . In the modern Andean foreland, the wetlands of the Pantanal (Brazil) and humid Chaco (Bolivia, Argentina, and Paraguay; >1 × 10 6 km 2 total) actively accumulate peat and OM in thousands of fl oodplain lakes and swamps (Iriondo, 2004; McGlue et al., 2011) . The modern central Andean system is a useful analog for play-element prediction in ancient nonmarine forelands with preserved back-bulge depozones, because these deposits are stacked beneath the forebulge and potential reservoir sands of the foredeep (Fig. 7) . SUMMARY 1. Laguna Mar Chiquita, Argentina's largest saline lake, occupies a thick-skinned foreland basin in the Sierras Pampeanas. The tectonic origins of LMC are analogous to one of the most prolifi c oil shale-producing ancient lake systems in the world, the Wilkins Peak Member of the Eocene Green River Formation (western United States).
2. Although a simple historical model for sedimentation exists for LMC (Piovano et al., 2002) , very little information is available that relates the infl uence of depositional environment on organic facies development, which is known to be critical for lacustrine hydrocarbon systems (e.g., Huc et al., 1990) . We collected a grid of lake-fl oor sediment samples to investigate this relationship, using a variety of analyses to quantify fabric, mineralogy, and OM composition.
3. Particle-size trends and bathymetric data reveal that LMC consists of two profundal (western, primary; eastern, secondary), a paleodelta, and lake margin EODs. Our results indicate that organic-rich muds (average TOC = 2.9 wt%) are most common in the profundal environments, where fi ne particle sizes deposited by suspension settling prevail. In contrast, sediments of the margin and paleodelta environments consist of abundant coarsegrained terrigenous material and minor OM. Accumulations of OM are constrained in all environments by water-column oxidation and the lake's mixing state, and by wave action at shallow water depths.
4. Elemental, stable isotope, and Rock-Eval analyses indicate dominantly algal OM in the profundal EODs with minimal lateral variability; these muds have modest petroleum source potential. However, LMC lacks signifi cant accommodation space, limiting aggradational stacking of organic facies during highstands and exacerbating OM preservation problems during lake-level lowstands.
5. We present conceptual models for continental hydrocarbon systems in thick-skinned and thin-skinned foreland basins. Foredeep lake strata are key source rock and potential unconventional targets in thick-skinned forelands, whereas back-bulge lake and wetland strata may be important in thin-skinned settings, where fold-thrust belt evolution and migration of the fl exural profi le stacks these deposits beneath potential distal foredeep reservoirs.
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